Background information. During development, growth cones of outgrowing neurons express proteins involved in vesicular secretion, such as SNARE (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor) proteins, Munc13 and Munc18. Vesicles are known to fuse in growth cones prior to synapse formation, which may contribute to outgrowth.
Introduction
During early development, neurons form various indifferent processes, neurites, each bearing a growth cone at its tip (Goslin and Banker, 1989) . In order to extend these neurites, the insertion of plasma membrane proteins and phospholipids is necessary (Goslin and Banker, 1989) to expand the plasma membrane.
Phospholipids can reach the outgrowing neurite via either lateral diffusion of lipids incorporated at the soma or via lipid droplets and vesicles, thereby contributing to the necessary membrane expansion for outgrowth (Vance et al., 2000) .
The vesicle release machinery that operates in mature neurons is already present in developing neurons at the tip of the growth cone (Igarashi et al., 1996; Kimura et al., 2003) . This machinery is used for the release of synaptic vesicles containing neurotransmitter, which is thought to depend on SNARE (soluble N-ethylmaleimide-sensitive fusion proteinattachment protein receptor) proteins (Igarashi et al., 1996) and to be distributed along the whole axonal surface (Hua et al., 2005) . These vesicles are thought to mature by repetitive recycling throughout axons (Krueger et al., 2003) . From these vesicles, a plethora of molecules is released that have a role in neurite guidance and trophic support. In addition, vesicular fusion is considered to add lipids to the outgrowing neurites (Futerman and Banker, 1996) .
Another source of lipids that may contribute to the outgrowing neurites are lipid droplets. These lipid droplets are trafficked in both directions along microtubules (Pol et al., 2004) and consist of lipids coated with a single phospholipid leaflet. The SNARE-dependent release machinery has previously been found to be associated with lipid droplets in fibroblasts (Bostrom et al., 2007) .
As SNARE-dependent membrane fusion has been implicated in the supply of membrane and proteins to developing neurites, loss of this function is expected to result in abnormalities in long-distance projections and synaptogenesis. However, this does not seem to be true in two cases where expression of proteins essential for SNARE-dependent membrane fusion were genetically deleted: knockout mice of M18 (Munc18-1) (referred to as 'M18 null'; Verhage et al., 2000) and knockout mice of M13 (Munc13-1 and Munc13-2) (referred to as 'M13 null'; Varoqueaux et al., 2002) . Both these mutants lack spontaneous and evoked vesicle release, but develop long-distance projections and contain many synapses at birth (Varoqueaux et al., 2002; Bouwman et al., 2004) . In order to investigate this apparent discrepancy, we examined the effect of SNARE-dependent membrane fusion on initial neurite outgrowth in two reduced systems in a quantitative manner, namely primary and organotypic slice cultures during early development. Our data indicate that initial outgrowth in vitro is indeed impaired in fusion-defective mutant neurons when neurites grow out at maximal speed and that the morphology of growth cones is abnormal in the case of M18 null neurons. However, this impaired outgrowth apparently is not rate-limiting and does not prevent the eventual formation of normal neuronal networks in more mature primary and organotypic cultures, in line with previous observations in vivo (Varoqueaux et al., 2002; Bouwman et al., 2004) .
Results
We set out to study the effect of SNARE-dependent synaptic vesicle release on early neurite development using low-density cultures of cortical or hippocampal neurons. We took advantage of two transgenic mouse lines that lack protein(s) involved in vesicle release, Munc18-1 (Verhage et al., 2000) and Munc13-1/2 (Varoqueaux et al., 2002) . Genetic deletion of Munc18-1 (M18 null) or of Munc13-1 and Munc13-2 (M13 null) in mice completely abolishes spontaneous and evoked neurotransmitter release in neurons. Both mutations result in neonatal lethality. However, tissue derived from either of these lines can be cultured for a period of time (Varoqueaux et al., 2002; Heeroma et al., 2004) .
We crossed these mice with mice bearing EGFP (enhanced green fluorescent protein) tagged to their membrane (EGFP-tKras; Roelandse et al., 2003) in order to visualize morphological alterations in fine neuronal structure. We focused on neurite extension and growth cone morphology during the first week in culture using dissociated cultures.
Outgrowth is decreased in release-deficient Munc18-1 null neurons from DIV3 (day 3 in vitro) onwards
As was shown previously in Munc13-1/2 null neurons, there is no vesicle cycle as measured by FM4-64-dye uptake (Varoqueaux et al., 2002) . To test whether this also holds true for Munc18-1 null neurons, we examined FM4-64-dye uptake in WT (wildtype) and Munc18-1 null neurons. For these first experiments, neurons were grown on glass without an astrocyte feeder layer to reduce the background signal of FM4-64-dye taken up by astrocytes. Under these culture conditions, the morphology of growth cones is slightly different from growth cones in glia-supported or organotypic slice cultures (see below). We found that Munc18-1 null neurons indeed lacked FM4-64-dye uptake, indicating that there was no vesicle cycle ( Figure 1, M18 null) . Because the incorporation of lipids is a necessary component for the expansion of the membrane in outgrowing neurites, we examined whether the loss of lipids from synaptic vesicles decreased neurite outgrowth (for a review, see Vance et al., 2000) . To this end, we used dissociated cortical neurons from DIV1 to DIV4 and measured total neurite length of WT and release-deficient Munc18-1 null neurons. Examples of traced neurons show that the initiation of neurite outgrowth occurred in all genotypes (Figure 2A) . However, release-deficient neurons lagged behind in length as compared with WT neurons (Figures 2A and 2B, Munc18 and Munc13) . This effect became apparent after 3 days in culture (19.6 % reduction in length for Munc18-1 null neurons and In order to investigate the endocytosis of release-deficient Munc18-1 null neurons, an FM4-64 dye uptake experiment was done. After loading the cells using stimulation with 60 mM KCl and washing for 10 min with Tyrode's solution, WT neurons show punctuate staining in the growth cone (top row), which is not the case for the M18 null growth cone (bottom row). Scale bar, 5 μm.
51.4 % for Munc13-1/2 null neurons) and increased significantly on the fourth day (40.0 % reduction in M18 and 61.1 % in M13; Figure 2B ). We therefore examined the speed of outgrowth at DIV3, as releasedeficient neurons start to lag behind the WT neurons from this moment onwards.
Decreased outgrowth in release-deficient neurons is not caused by cell death
The early onset of cell death in dissociated cultures of Munc18-1 null, starting at approx. DIV4, may explain the decreased outgrowth. We therefore switched to organotypic hippocampal slice cultures where Munc18-1 null neuron survival exceeds DIV7. We cross-bred WT and Munc18-1 null mice with mice expressing EGFP tagged to their membrane (EGFP-tKras; Roelandse et al., 2003) , in order to visualize morphological alterations in fine neuronal structure. In these organotypic cultures, neurons extend long neurites, most likely axons originating from the CA1 area of the hippocampus (Frotscher and Heimrich, 1993 ) that reach far into the surrounding matrix, which is permissive for neurite outgrowth, as shown previously (McKinney et al., 1999) . We then measured the speed of outgrowth into the surrounding matrix, as the total neurite length could not be established in the densely packed network of outgrowing processes and somata in the slice itself. We also included Munc13-1/2 null animals ( Figure 3A , M13 null) to further exclude cell death as a confounding effect in the changes in outgrowth speed. The outgrowth during the time-lapse series was reduced in the release-deficient cultures (Munc18-1 null and Munc13-1/2 null in Figure 3A ; the red line indicates the starting point). Quantification showed a 42 % and 46 % (P < 0.001; t test M18: n = 85; M13: n = 87) decrease in outgrowth speed for Munc18-1 null and Munc13-1/2 null respectively compared with WT neurons (n = 92; Figure 3B ). We also found a strong reduction in the accumulated distance ( Figure 3C ), showing a delayed outgrowth within our 20 min time frame.
Munc18-1 influences the number of filopodia
As the growth cone is important in neurite extension and guidance, we examined growth cone morphology in organotypic hippocampal slice cultures. In slices, the release-deficient cells survive longer. We therefore analysed morphology in slices and not in dissociated cultures. We visualized the dynamics of growth cone morphology in a projection of a 60-min time-lapse ( Figure 4A ). Munc13-1/2 null neurons showed a decreased growth cone palm area as compared with WT, whereas M18 null neurons appeared to have an increased growth cone area as compared with Munc13, but this was not significant ( Figure 4B ). Releasedeficient M18 null growth cones did possess more filopodia per growth cone ( Figure 4C ). Overall, no differences were found in the filopodia length (Figure 4D ). These data suggest that vesicle release is not important for growth cone morphology, but instead Munc13 influences growth cone area ( Figure 4B ), whereas Munc18 influences the number of filopodia ( Figure 4C ) but not their length ( Figure 4D ). Because filopodia contain mostly actin filaments, we investigated the influence of Munc18-1 on the actin cytoskeleton in dissociated cultures. By comparing the area of actin and dividing it by the area of tubulin in the growth cone ( Figure 5A ), we found that Munc18-1 null growth cones had an increase in actin content of 35 % ( Figure 5B ).
Impaired vesicle release does not decrease long-term outgrowth
Although the release-deficient neurons show a decreased neurite outgrowth, the brain of release-deficient mice at embryonic day 18 developed normally (Verhage et al., 2000; Varoqueaux et al., 2002) . We therefore examined the total dendrite length in older cultures of WT and M13 null hippocampal neurons. We chose for dendrite length, as the axon is difficult to trace and can extend several hundreds of micrometres within 1 week (Dotti et al., 1988) . As Munc18-1 null neurons die before DIV7 (Heeroma et al., 2004) , only WT and Munc13-1/2 null cultures were included. At DIV14, both WT and Munc13-1/2 null neurons were well established with numerous dendrites [MAP2 (microtubule-associated protein 2)-positive processes] per cell ( Figure 6A ). We measured the total dendrite length per field of view in both release-deficient Munc13-1/2 null cultures and WT cultures and found that the total dendrite length had not been affected in the release-deficient neurons when compared with WT neurons ( Figure 6B ). These data suggest that long-distance connections can be formed even with decreased outgrowth speed early in development. Synapse staining using a synapsin1 antibody revealed similar numbers of putative synapses (synapsin-positive deposits in close proximity to the dendritic arbour) in both WT and Munc13-1/2 null cultures ( Figure 6A ). This could still be observed at DIV23, where dendrite density is similar between WT and Munc13-1/2 null cultures ( Figure 6C ).
Discussion
During the first week of development, neurons extend their processes over long distances in order to form connections between brain areas. We found neurite length and rate of outgrowth in neurons that lack SNARE-dependent vesicle release to be diminished. This reduction became apparent approx. 3 days in culture and was significantly reduced at 4 days in culture, but did not abolish outgrowth entirely. Here, we have shown that the loss of two key proteins involved in synaptic vesicle recycling reduce neurite outgrowth in both hippocampus and cortex, which is most likely the result of a reduction in the amount of lipids added to the membrane. This is in line with evidence from outgrowth in PC12 cells (Morihara et al., 1999) and hippocampal neurons (Grosse et al., 1999) , where SNAP-25 (25 kDa synaptosome-associated protein) was cleaved by botulinum neurotoxin, causing a lack of vesicle exocytosis and resulted in reduced outgrowth.
Using synaptic vesicle parameters established by Takamori et al. (2006) , we calculate that a spontaneous release rate of approx. One vesicle per second (Wyllie et al., 1994 ) and a neurite diameter of 440 nm (Takamori et al., 2006) can account for 0.12 μm of neurite extension per minute in lipids alone. The total surface area of a vesicle -lipids and proteins -accounts for 0.24 μm of neurite extension per minute, but vesicle proteins and some lipids are retrieved by endocytosis in outgrowing growth cones (Schenk et al., 2003) . Importantly, the release-deficient neurons showed a decrease in outgrowth that was of the same order of magnitude, indicating that the loss of lipids supplied by vesicle fusion can in principle explain the reduction in outgrowth observed in the release-deficient neurons. Reduction in outgrowth for downstream SNARE proteins has been shown previously (Osen-Sand et al., 1993; Igarashi et al., 1996; Hirling et al., 2000) . Furthermore, our observations show that this process occurs in different brain regions such as the cortex and hippocampus, independent of cell origin. However, the underlying mechanism for the reduced outgrowth remains to be elucidated.
Morphological changes in filopodia were observed in Munc18-1 null growth cones. This difference may be related to the manner in which Munc18-1 affects the actin cytoskeleton as shown here and in earlier Figure 5 Munc18-1 influences the actin cytoskeleton Staining for actin (green) and tubulin (red) in WT and Munc18-1 null cultures was used to quantify the effect of Munc18 protein on the actin cytoskeleton (A). The area of actin and tubulin was measured and the ratio was taken. Compared with WT, Munc18-1 null growth cones had a 35 % increase in actin content (B) . Bar in overview is 10 μm, zoomed picture is 5 μm. Means + − S.E.M. are plotted.
studies Toonen et al., 2006) , influencing growth cone morphology via a mechanism that regulates the formation of filopodia. In this scheme, filopodium formation is dependent on the Arp2/3 complex (actin-related protein 2/3 complex), which forms a nucleation site for actin polymerization (for a review, see Mattila and Lappalainen, 2008) , whereas filopodium extension is dependent on the Rho GTPase family, specifically CDC42 (cell division cycle 42; Nobes and Hall, 1995) . Munc18-1 could regulate the binding of Arp2/3 complex to actin filaments, thereby manipulating the number of filopodia. Munc18-1 may also reduce CDC42 activity, thereby reducing filopodia extension. Finally, Munc18-1 null mutant mice have reduced cellular levels of syntaxin1 (Verhage et al., 2000; Bouwman et al., 2004) , which may also contribute to the morphological changes observed in Munc18-1 null growth cones. However, we have shown before that syntaxin1 can still be readily detected in the terminal field of immature neurons in vivo (Toonen et al., 2005) , suggesting that the availability of syntaxin is not a limiting factor. The morphological abnormalities observed in Munc18-1 null, but not Munc13-1/2 double null, growth cones may also relate to the previously observed effects of PLA (phospholipase A 2 ) and AA (arachidonic acid) in growth cones. The PLA/AA pathway appears to play a central role in growth cone morphology (de la Houssaye et al., 1999) and also modulates Munc18-1 function (Connell et al., 2007) .
Lamellipodium formation influences the surface area of the cell (Nakaya et al., 2008) and is dependent on Rac1 (Nobes and Hall, 1995) . Munc13 isoforms may decrease lamellipodia formation in the peripheral zone of the growth cone by influencing the Rho family GTPases (Kozma et al., 1997) . This could result in an increased growth cone area in the Munc13-1/2 null neurons. However, our results were not conclusive about the effect of Munc13-1/2 on growth cone morphology.
Although release-deficient animals have a lethal phenotype, the reduced outgrowth speed is sufficient to form long-distance projections (Verhage et al., 2000; Varoqueaux et al., 2002) . A rough calculation using outgrowth speeds found in cell culture showed that WT neurons have an outgrowth rate of ∼1 mm/day, while release-deficient Munc18-1 and Munc13-1/2 null neurons have an outgrowth rate of ∼0.6 mm/day. Neurite outgrowth starts at approx. E11-E12 (embryonic days 11-12) leaving 8-9 days until birth for outgrowth to proceed, allowing release-deficient neurons to attain a length of 5-10 mm which, given the dimensions of mouse neonatal brain, is sufficient to form long-distance connections. Consequently the loss of synaptic vesicle release in mutant neurons does not affect neurite outgrowth enough to prevent the formation of longdistance projections. A further factor in ameliorating the effects of decreased vesicle release could be that other mechanisms for incorporating lipids into growing membranes, coupled with lateral diffusion, are sufficient to supply the growing neurites with lipids. Such mechanisms, either singly or in combination, could account for our observations that, despite reductions in vesicle release, neurite length was capable of attaining WT levels in release-deficient neurons before the onset of, and during, synaptogenesis. Overall our data showed that molecular regulators of vesicular release, Munc18 and Munc13, contribute to neurite outgrowth. While mutant neurons can form long-distance synaptic connections, the delayed rate of outgrowth is significant at the early stages of neurite outgrowth and points to a potentially regulating role for Munc18 and Munc13 proteins in early neurogenesis, polarity and neurite extension. 
Materials and methods

Laboratory animals
Munc18-1 null, Munc13-1/2 double null and EGFP-tKras mice have been described previously (Verhage et al., 2000; Varoqueaux et al., 2002; Roelandse et al., 2003) . Mouse embryos were obtained by caesarian section of pregnant females from timed heterozygous matings of EGFP-tKras with WT, with Munc18-1 heterozygous or with Munc13-1 heterozygous/Munc13-2 null animals (C57/Bl6 background). Animals were housed and bred according to Institutional, Dutch and U.S. governmental guidelines.
Dissociated cultures
Cortices or hippocampi were dissected from E18 mice and collected in HBSS (Hanks balanced salt solution; Sigma, St. Louis, MO, U.S.A.), buffered with 7 mM Hepes. After removal of the meninges, the cortices were minced and incubated for 20 min in trypsinized HBSS at 37
• C. After washing the neurons were triturated with fire-polished Pasteur pipettes, counted with a haemocytometer and plated in Neurobasal medium (Invitrogen, Carlsbad, CA, U.S.A.) supplemented with 2 % B-27 (Invitrogen), 1.8 % Hepes, 1 % GlutaMAX (Invitrogen), 1 % Pen/Strep (Invitrogen) and 0.2 % 2-mercaptoethanol (Sigma). Low-density cultures were plated on poly-L-lysine (Sigma)-coated glass coverslips at 25000 neurons/cm 2 . For the analysis of early neurite outgrowth (DIV0-4), random images were taken of the cultures using a ×40 lens on a Leica MZ12 microscope. Cultures were fixed on DIV14 and DIV23 with 2 % (w/v) PFA (paraformaldehyde; Invitrogen) and 2 % sucrose for 20 min, and then 10 min in 4 % PFA. After washing with PBS, the cultures were stained with a monoclonal anti-MAP2 antibody (Millipore, Billerica, MA, U.S.A.) in order to analyse neurite length. Synapses were stained with α-Synapsin1. Localization of Munc18-1 in growth cones was done by staining with α-Munc18-1 and α-Bassoon antibodies. Quantification of actin and tubulin was done by incubating cultures with phalloidin-Alexa Fluor ® 488 and poststaining with an α-tubulin antibody.
Organotypic slice cultures
Organotypic slice cultures from E18 hippocampus were prepared as follows. Mouse embryos were obtained by caesarean section of pregnant females from timed heterozygous mating. GFP (green fluorescent protein)-expressing animals were identified by direct inspection using a Leica MZ12 dissection microscope fitted with fluorescence optics. Hippocampi were dissected from brains in ice-cold dGBSS (dissection Gey's balanced salt solution; BioConcept, Allschwill, Switzerland) with 32 mM glucose and 1 mM kynurenic acid, pH 7.4) and cut into 400 μm thick slices using a McIlwain tissue chopper (Mickle Engineering, Gomshall, Guildford, Surrey, U.K.). These hippocampal slices were kept at 4
• C in dGBSS for 60 min to recuperate. All subsequent procedures were identical with those described for organotypic slice cultures from P8 mice (Gähwiler, 1981) . Briefly, Poly-D-lysine-coated coverslips were covered with chicken plasma, and a tissue slice was placed in the centre. An equal amount of thrombin was added to the plasma to form a plasma cloth. The organotypic slice cultures were left to recuperate for 1 h at room temperature (20
• C) and then placed in a roller tube at 37
• C.
Live cell imaging
For confocal imaging, slices were mounted on purpose-built chambers (Life Imaging Services, Olten, Switzerland) and observed in slice imaging medium containing 1 part HBSS with 7 mM Hepes and 1 part Liebovitz L15 medium with supplements (1.8 % Hepes, 0.2 % 2-mercaptoethanol, 2 % B27 supplement and 1 % GlutaMAX) using a Yokogawa microlens Nipkow confocal system (PerkinElmer, Life Science Resources, Cambridge, U.K.). Images were acquired using a cooled CCD (charge-coupled device) camera (Hamamatsu photonics) every minute for 20 min using a ×60 water lens [NA (numerical aperture) = 1.20]. Overview pictures were made using a ×40 oil objective (NA = 1.20) or a ×10 air objective (NA = 0.40) on a LSM510 microscope (Carl Zeiss, Jena, Germany).
FM4-64-dye uptake experiment
Dissociated cultures were cultured on glass coverslips coated with PDL (population doubling level) and imaged on DIV3 on a Zeiss confocal using a ×40 oil objective (NA = 1.20) at 37
• C using perfusion of Tyrode's solution [containing (in mM): 115 NaCl; 2.5 KCl; 2 CaCl 2 ; 2 MgSO 4 ; 30 glucose]. FM4-64 (Invitrogen) was diluted in high-potassium Tyrode's solution (regular Tyrode's, but with 61.5 mM NaCl and 60 mM KCl) and added to the cells for 1 min. After washing for 10 min with Tyrode's solution, brightfield and fluorescence images were taken.
Data analysis
Analysis of neurite length was done by manually tracing the neurites using Metamorph software (Universal Imaging Corporation, West Chester, PA, U.S.A.). For the analysis of neurite outgrowth in DIV3 hippocampal slice cultures various parameters were analysed using MetaMorph software using the 'Track Points' function. Growth cone velocity and accumulated distance were calculated from this tracking of growth cones that extended into the surrounding matrix outside the slice. For the growth cone morphology, growth cones in the first frame of a 20 min time-lapse were analysed using ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A.). The growth cone area was determined by drawing a polygon around the palm of the growth cone and filopodia length by drawing lines.
Visualization of growth cone morphology was done by flattening a 1 h time-lapse series and combining it with the first frame of the original time-lapse series. Before overlaying these pictures, the flattened time-lapse series was made green, while the first frame was made red. Statistical testing was done using SPSS software (SPSS, Chicago, IL, U.S.A.) and Excel, using Student's t test and a significance level of P < 0.05. 
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